␦-doped
InAlAs/ In x Ga 1−x As/ GaAs ͑x = 0.5→ 0.65→ 0.5͒ metamorphic high electron mobility transistor ͑MHEMT͒ have been investigated. The thermal threshold coefficients, defined as ‫ץ‬V th / ‫ץ‬T, are superiorly low at 0.9 mV/ K from 300 to 420 K and at −0.75 mV/ K from 420 to 500 K. An interesting polarity change of the thermal threshold coefficient was observed around 420 K due to the variation of thermal modulation effects. The present MHEMT device, with stabilized thermal threshold variations and superior high-temperature linearity characteristics, is promising for high-temperature circuit applications. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2208926͔
InP-based high electron mobility transistors ͑HEMTs͒ have shown the distinguished high-frequency characteristics, noise figures, and efficiencies for the power amplification applications.
1-3 These are mainly due to the significant improvement on carrier transport properties by depositing higher In-composition InGaAs compounds on the InP substrates without suffering from the lattice-mismatch problems. 4 However, the drawbacks of InP substrates, including the mechanical fragility, limited wafer size, and expensive epitaxial growth, have stimulated the metamorphic device designs [5] [6] [7] on the robust and cost-effective GaAs substrates. The linearly graded metamorphic buffer with an inverse step can significantly improve the lattice-mismatchinduced strain between the high In-ratio InGaAs epitaxial layers and the GaAs substrate. It can also trap the dislocations injected into the InGaAs channel and consequently enable the realization of high-speed performance with improved yields. In addition, high power microwave or millimeter-wave integrated circuit ͑MWIC͒ applications 8, 9 require device designs with improved thermal stability. Deviations of device characteristics, including the threshold voltages, breakdown voltages, and transconductance degradation at high ambient temperature, would greatly cause the kink-effect-related 10 thermal runaway to deteriorate the circuit operation. Yet, only few reports in the temperature effects of the metamorphic high electron mobility transistors have been studied. This work investigates comprehensively the high-temperature effects of the proposed symmetrically graded ␦-doped InAlAs/ In x Ga 1−x As/ GaAs ͑x = 0.5→ 0.65 → 0.5͒ metamorphic high electron mobility transistor ͑MHEMT͒. An interesting "hump" around 420 K in the thermal threshold characteristics, due to the switching of dominant mechanisms, was observed and investigated. grown, sequentially. The gate dimensions were 0.65ϫ 200 m 2 with drain-to-gate spacing of 4 m. The device fabrication details and its room-temperature characteristics have been discussed in our previous work. 5 Figure 2 shows the common-source current-voltage characteristics of the studied device at different temperatures ranging from 300 to 500 K. The device demonstrates good pinch-off characteristics and superior output conductance characteristics due to the significant improvement on kink effects by using the symmetrically graded V-shaped In x Ga 1−x As ͑x = 0.5→ 0.65→ 0.5͒ channel. The device extrinsic transconductance ͑g m ͒ and the saturation drain current density ͑I DSS ͒ as functions of the applied gate-source bias ͑V GS ͒ at elevated temperatures have been indicated in Fig. 3 , with the drain-source voltage ͑V DS ͒ fixed at 1.75 V. Defining I DSS0 to be the saturation drain current density at V GS =0 V. The I DSS0 ͑g m ͒ values are 391 ͑271͒, 371 ͑254͒, 325 ͑231͒, 305 ͑215͒, 291 ͑203͒, and 273 ͑191͒ mA/ mm ͑mS/ mm͒ at 300, 340, 380, 420, 460, and 500 K, respectively. Since the current density can be expressed by
where q is the carrier charge, n 2DEG is the concentration of the two-dimensional electron gas ͑2DEG͒, and v is the average carrier velocity. Though the background carrier concentrations, increasing exponentially with temperature, increase the accumulative 2DEG concentration n 2DEG within the channel, the carrier transport velocity v is seriously degraded by the lattice scattering and carrier-carrier scattering mechanisms. Consequently, I DSS0 decreases with the elevated temperatures. In addition, the characteristics of the extrinsic transconductance can be described 11 by
where R S is the source series resistance, including the Ohmic contact resistance of the source/drain electrodes and the channel resistance within the gate-source region, and g m 0 is the device intrinsic transconductance given 12 by
is the permittivity of the Schottky layer, v is the average electron velocity in the channel, and ͑d d + ⌬d͒ is the effective distance between the gate and the n 2DEG location. Similar to the discussion for the I DSS0 dependences, the average electron velocity will decrease with temperature due to the enhanced scattering phenomenon. Therefore, with the fixed spacing between the gate and the n 2DEG location, both of the intrinsic transconductance and the channel resistance will decrease with temperature. Moreover, since the increase of the electrode contact resistance with temperature has also been verified in a previous report, 11 the above-mentioned combination effects have resulted in the observed increase of the extrinsic transconductance characteristics with elevated temperatures.
The temperature dependences of the device threshold voltage, V th ͑T͒ are shown in Fig. 4 , with V DS = 1.75 V. The V th values are −1.68, −1.641, −1.559, −1.572, −1.604, and −1.84 V at 300, 340, 380, 420, 460, and 500 K, respectively. Different temperature dependences have been observed as compared to the monotonous decreases of the threshold voltage with temperature of the conventional GaAs-based heterostructure field-effect transistors ͑HFETs͒. 13, 14 The threshold shift ͑⌬V th ͒ from 300 to 420 K is only 0.108 V, and the calculated ‫ץ‬V th / ‫ץ‬T value is 0.9 mV/ K. The observed positive thermal threshold coefficient may be attributed to the following two mechanisms:
͑1͒ Scattering phenomenon. The dominant lattice scattering and carrier-carrier scattering mechanisms 15 at high temperatures will significantly degrade the transport proper- ties, resulting in the decrease of both the average electron velocity and the drain current, as described in Eq. ͑1͒. Therefore, less magnitude of the reverse gate bias is required to deplete the channel. ͑2͒ Enhanced channel confinement capability. As shown in Fig. 1 , the devised high conduction-band discontinuity formed by the V-shaped In x Ga 1−x As channel, together with the wide-gap and high-resistivity undoped In 0.425 Al 0.575 As spacer/buffer, can significantly improve the channel confinement capability, thus greatly reducing the electron injection into the buffer.
Therefore, the above combinational effects have resulted in the observed positive thermal threshold coefficient for temperatures from 300 to 420 K in the proposed MHEMT.
On the other hand, the threshold voltage shift is −0.06 V from 420 to 500 K, as shown in Fig. 4 , and the thermal threshold coefficient becomes negative at −0.75 mV/ K. An interesting polarity change of the thermal threshold coefficient has resulted in the observed hump around 420 K. Since the threshold voltage of a ␦-doped HEMT can be approximated 16 by
by solving the one-dimensional Poisson equation without considering the applied drain-source transverse electric field. ⌽ B is the Schottky gate barrier height, and ⌬E C is the conduction-band discontinuity between the Schottky layer and the In x Ga 1−x As channel. As the ambient temperature reaches higher temperatures, the electrons in the substrate, after gaining enough thermal energy, start to surpass the channel/buffer discontinuity into the channel. The drainsource transverse field will further assist in this electron thermionic emission over the conduction-band discontinuity through the drain-induced barrier lowering [17] [18] [19] ͑DIBL͒ mechanism. Moreover, in addition to the exaggerated substrate leakages, the increase of the intrinsic carrier concentration ͑n i ͒ with temperature will also contribute to the significant increase of the channel carrier concentration n 2DEG in Eq. ͑5͒, thus leading to the decrease of the threshold voltages at high temperatures. The variation of the thermal threshold coefficient of the proposed MHEMT is different from the monotonous decrease phenomenon. 13, 14 This coefficient polarity change may provide means to minimize the difference of the threshold voltage at high temperatures from its roomtemperature operation. Figure 4 shows the gate-voltage swing ͑GVS͒ dependence on the ambient temperature by defining GVS as the corresponding bias range of V GS with g m values no less than 90% of its peak characteristics ͑g m,max ͒. As compared to other high-temperature studies of the HFETs, 13, 14 superiorly wide GVS of 1.13 V, with only 13% reduction from its room-temperature performance ͑1.3 V͒, can be still achieved at temperature up to 500 K. It is mainly due to the design of the symmetrically graded V-shaped channel of the present MHEMT. As described in Eq. ͑3͒, the effective spacing ͑d d + ⌬d͒ will increase, while the 2DEG population is pushed away towards the channel/buffer side with the decreased gate bias. Nevertheless, since the electron saturation velocity increases with the In composition of the devised linearly graded In x Ga 1−x As channel, the extrinsic transconductance will thus be maintained with the decreased gate bias. Additionally, with the designed high-barrier In x Ga 1−x As/ InAlAs discontinuities to improve the 2DEG confinement capability, the present MHEMT demonstrates superior high-temperature GVS linearity. The device operated at 500 K also demonstrates comprehensively superior characteristics, including g m,max of 191 mS/ mm, I DSS0 of 273 mA/ mm, gate-drain breakdown voltage ͑BV GD ͒ of −8.35 V, and forward turn-on voltage ͑V on ͒ of 0.959 V, with threshold variation of only 2.8%.
In summary, the present symmetrically graded ␦-doped InAlAs/ In x Ga 1−x As/ GaAs MHEMT, with the enhanced channel carrier confinement capability, has exhibited an interesting polarity change of the thermal threshold coefficient at around 420 K. It is attributed to the switching of the dominant mechanisms between the carrier scattering within the channel and the thermionic emission over the conductionband discontinuity within the channel/buffer heterointerface. The device also demonstrated superior high-temperature GVS linearity, device gain, current drive, and breakdown characteristics at temperatures up to 500 K. Moreover, this work provides promising means to stabilize the device threshold by meticulously designing the variation control between the thermal modulation effects, which is essential for the high-temperature MMIC applications. 
